The elucidation of epigenetic alterations in the autism brain has potential to provide new insights into the molecular mechanisms underlying abnormal gene expression in this disorder. Given strong evidence that engrailed-2 (EN-2) is a developmentally expressed gene relevant to cerebellar abnormalities and autism, the epigenetic evaluation of this candidate gene was undertaken in 26 case and control post-mortem cerebellar samples. Assessments included global DNA methylation, EN-2 promoter methylation, EN-2 gene expression and EN-2 protein levels. Chromatin immunoprecipitation was used to evaluate trimethylation status of histone H3 lysine 27 (H3K27) associated with gene downregulation and histone H3 lysine 4 (H3K4) associated with gene activation. The results revealed an unusual pattern of global and EN-2 promoter region DNA hypermethylation accompanied by significant increases in EN-2 gene expression and protein levels. Consistent with EN-2 overexpression, histone H3K27 trimethylation mark in the EN-2 promoter was significantly decreased in the autism samples relative to matched controls. Supporting a link between reduced histone H3K27 trimethylation and increased EN-2 gene expression, the mean level of histone H3K4 trimethylation was elevated in the autism cerebellar samples. Together, these results suggest that the normal EN-2 downregulation that signals Purkinje cell maturation during late prenatal and early-postnatal development may not have occurred in some individuals with autism and that the postnatal persistence of EN-2 overexpression may contribute to autism cerebellar abnormalities.
Introduction
Engrailed-2 (EN-2) is considered to be an autism susceptibility gene based on neuroanatomical parallels between autism and cerebellar developmental abnormalities in rodent models, and also on family linkage studies indicating an overtransmission of EN-2 polymorphic variants from parents to affected children. 1 In mice, EN-2 is highly expressed in Purkinje cells during fetal and early-postnatal development acting primarily as a transcriptional repressor until it is downregulated during the perinatal period.
2 EN-2 is also expressed in hindbrain nuclei involved in the development of serotonin (raphe nucleus) and norepinephrine (locus coeruleus) neurotransmitter systems that have been implicated in autism. 3 Importantly, normal timing of Purkinje cell maturation and cerebellar patterning is critically dependent on perinatal EN-2 downregulation, 2 which is disrupted with EN-2 overexpression. 4 Although human studies are limited, expression analysis of 18-to -21-week-old fetuses indicated widespread EN-2 gene expression throughout the mid-/hindbrain regions including the cerebellar cortex and deep nuclei at 40-week gestation. 5, 6 The human EN-2 gene is composed of two exons separated by a single intron and spans only 8 kb of DNA mapping to 7q36.3, just distal to a region that has been reproducibly associated with autism in linkage studies. 7, 8 Anomalies in the cerebellum are arguably the most reproducible neuroanatomical alterations in the autism brain. Most frequently reported is a reduction in Purkinje cell number that appears to occur in the late prenatal period coinciding with the downregulation of EN-2, although other studies suggest this may not occur in all patients with autism. 2, [9] [10] [11] [12] [13] Imaging studies have reported vermis hypoplasia and reduction in cerebellar volume in some patients with autism, 14 and deficits in fine and gross motor function are common. 15 Evidence from neuroimaging of acquired cerebellar lesions suggests that disruption of reciprocal connections to the cortex during critical periods of development may contribute to impaired higher cognitive functions associated with autism symptomatology. 16, 17 Several cerebellar abnormalities have been observed in mouse models that either overexpress or underexpress EN-2. Ectopic overexpression of EN-2 during fetal development results in selective Purkinje cell loss, reduced cerebellar volume and delayed maturation and migration of the germinal layer. 2, 18 Further, EN-2 overexpression in late fetal and early-postnatal development in mice is associated with deficits in dentritogenesis and changes in the pattern of afferent innervation. 4, 19, 20 However, for comparative purposes, it must be noted that rodent perinatal neurodevelopment (birth to postnatal days 2-7) approximately corresponds to the human third trimester. 21 Interestingly, En-2 À / À knockout mice exhibit similar abnormal cerebellar patterning, reduced Purkinje cell numbers and abnormal dendritic foliation underscoring the importance of normal EN-2 regulation during neurodevelopment. 22 In addition, the EN-2 null mice display abnormal behaviors relevant to autism including deficits in social behaviors, spatial and memory tasks, and a cerebellar-specific increase in serotonin. 23 Together, available evidence suggests that the failure to downregulate EN-2 expression late in development or decreased expression during embryogenesis results in altered cerebellar development that resembles postnatal cerebellar abnormalities in individuals with autism.
Materials and methods
Post-mortem Cerebellum. DNA and nuclei were isolated from frozen blocks of cerebellar cortex from 13 Global DNA methylation. DNA was extracted from frozen cerebellum blocks using the Puregene DNA Purification kit (Qiagen, Valencia, CA, USA). Purified DNA was digested into component nucleotides as previously described in detail. 24 DNA base separation and quantification of 5-methylcytosine (5-mC) and cytosine was performed with a Dionex HPLC-UV system (Sunnyvale, CA, USA) coupled to an electrospray ionization tandem mass spectrometer (Thermo-Finnigan LCQ, Waltham, MA, USA) using a Phenomenex Gemini column (C18, 150 Â 2.0 mm, 3 mm, Torrance, CA, USA) and expressed as percent 5-mC/total cytosine in DNA. 26 Conversely, methylated cytosines prevent enzyme cleavage and can be detected by PCR product recovery. Undigested DNA served as control. Unmethylated genomic DNA from human male Jurkat cells was used as a standard for EN-2 gene promoter methylation and given value of 0%. The results are presented as ratio of PCR product recovery after the digestion of DNA with HpaII/BstUI relative to undigested DNA, normalized to 5-Aza-dc-treated Jurkat Genomic DNA:
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EN-2 gene expression by quantitative reverse transcription PCR. Total RNA was extracted from cerebellum brain tissues using TRI Reagent (Ambion, Life Technologies, Grand Island, NY, USA) and purified with RNeasy Mini Kit (Qiagen). RNA quality (RNA integrity number) was assessed with Agilent RNA 6000 Nano Kit and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total RNA (2 mg) was reverse transcribed using random primers and a High Capacity complementary DNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). The levels of EN-2 gene transcripts were determined in triplicate by quantitative reverse transcription PCR using TaqMan Gene Expression Assays (Hs00171321_m1*, Applied Biosystems). Relative quantification of gene expression was performed by using the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as an internal control. The EN-2 gene expression was presented as mean 2 À (CT EN-2 -CT GAPDH) as described previously.
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Western blot analysis of EN-2 protein level. 0 -ACTGACCCGGGAACCCCGTT-3 0 (product length-139 bp). All assays were run in triplicate and data expressed as the mean ( ± s.e.) percent input DNA after adjusting for total input DNA: 100 Â 2 (adjusted input Ct À IP Ct) . Histone integrity was confirmed by western blot and gel electrophoresis.
Statistical analysis. Statistical analysis was performed using Graphpad Prism software (La Jolla, CA, USA). Normal distribution of the data was determined using the Kolmogorov-Smirnov test. The paired t-test was used for matched case-control data that were normally distributed and the nonparametric Wilcoxin matched-pairs signed-rank test was used for data that were not normally distributed. Correlations were determined using linear regression analysis within Graphpad software. Results are expressed as means ± s.e.m. with statistical significance set at 0.05.
Results
Demographics of tissue donors. The case-control tissue demographics are presented in Table 1 . There were no mean differences in age, gender, race or PMI between the autism and control groups (P40.05). In both groups, 69% (9/13) of individuals were male. The mean age was 15.5 year±9.5 in the autism group (eight children under 18 years and five adults) and 15.8 year ± 8.6 (nine children under 18 years and four adults) in the control group. The mean PMI was 18.4±5.7 h for the autism samples and 15.7±6.2 h in the control samples. Age, gender, race and PMI were the primary variables matched between groups; however casecontrol matching for cause of death is more difficult given limited sample availability but these were matched as closely as possible. For example, asphyxia, smoke inhalation or aspiration in cases were matched to asthma and drowning in controls. Head trauma was matched with brain bruising and GI bleeding matched with multiple injuries. EN-2 promoter region methylation. The EN-2 promoter region was found to be significantly hypermethylated in the 13 cerebellar samples compared with 13 control samples as determined by the two independent methylation assays with different CpG recognition sites in the EN-2 promoter. Figure 1a presents the percent methylation in case and control samples across the EN-2 promoter as determined by McrBC-PCR assay. The percent methylated cytosines in the autism cerebellum was 23 ± 4% compared with 10 ± 2% in the control samples (P ¼ 0.005). The second assay, MSR-PCR confirmed the McrBC results and demonstrated similar EN-2 promoter region hypermethylation (Figure 1b) with 38±7% of the CCGG and CGCG sites methylated compared with 15±5% in controls (P ¼ 0.02). The results from both methylation assays were highly correlated (P ¼ 0.037; data not shown). Together, these results confirm that the EN-2 promoter region in the autism cerebellar cortex is significantly hypermethylated relative to that of unaffected controls.
Global DNA methylation. Global DNA methylation was quantified in using tandem mass spectrometry and expressed as the percent 5-mC/total cytosine content in DNA. In contrast to global DNA hypomethylation previously reported in immune cells from children with autism, 28 DNA extracted from autism cerebellum samples was significantly hypermethylated relative to control samples. The mean percent 5-mC ± s.d. was 5.9±1.2 in 13 case cerebellum compared with 4.7±1.1 in 13 controls (P ¼ 0.002) and is presented in Figure 2a . The positive correlation between EN-2 promoter methylation and global DNA methylation (% 5-mC) is shown in Figure 2b (P ¼ 0.016).
EN-2 gene expression. To assure RNA integrity and valid gene expression data from post-mortem samples, RNA integrity number was determined using the Agilent RNA 6000 Nano Kit and Agilent 2100 Bioanalyzer (Agilent Technologies). The mean RNA integrity number value for cerebellar and control samples was 6.7 ± 1.5 (range 5.9-8.3), which is considered to be excellent quality for the quantitative reverse transcription PCR gene expression analysis. GADPH was used as reference control and has been previously validated as a stable reference gene in postmortem cerebellar tissues and found not to be correlated with age, PMI or cause of death. 29 Unexpectedly, the mean gene expression level of EN-2 was significantly higher in the autism samples despite evidence of promoter region hypermethylation. As shown in Figure 3a , the mean±s.e. amount of target RNA in the autism cerebellum was 0.09±0.02 and 0.04Ä0.003 in control samples (P ¼ 0.04). In Figure 3b , the positive correlation between EN-2 promoter methylation in case and control samples, and EN-2 gene expression is shown (P ¼ 0.007).
EN-2 protein level.
Given the unexpected increase in EN-2 gene expression in the presence of promoter region hypermethylation, levels of EN-2 protein were then evaluated by western blot and expressed as fluorescence units (DLU) normalized to b-actin. As shown in Figure 3c , EN-2 protein levels in the cerebellum were significantly increased in the autism cerebellar samples (9.2±0.86 DLU) compared with the control samples (6.8 ± 0.55 DLU) with a P-value of 0.02. The increased level of EN-2 protein is consistent with the increase in EN-2 gene expression (Figure 3a) .
EN-2 promoter region trimethylation of histones H3K27
and H3K4. The methylation status of histones H3K27 (associated with gene silencing) and histone H3 lysine 4 (H3K4; associated with gene activation) was investigated as a possible explanation for the increased EN-2 gene expression in the presence of promoter region DNA hypermethylation. The content and integrity of histone protein was confirmed by western blot and gel electrophoresis. Two samples from both case and control groups were omitted from the ChIP analysis due to histone degradation resulting in 11 case and 11 control samples. There was no difference in histone content between the remaining analyzed samples in case and control samples (115 767 ± 12 786 and 124,578 ± 11 541 fluorescent units, respectively; P ¼ 0.6). Figure 4 presents ChIP results as the calculated percent input of immunoprecipitated DNA for histone H3K4 trimethylation and histone H3K27 trimethylation after normalization to 
2).
Epigenetic evaluation of EN-2 gene in the autism brain SJ James et al total input DNA. The mean level of H3K27 trimethylation (associated with gene repression) was significantly decreased in the autism compared with control samples (P ¼ 0.02), and the mean level of histone H3K4 trimethylation (associated with gene activation) in the EN-2 promoter was increased in autism relative to the matched control samples with marginal significance (P ¼ 0.11).
Discussion
The elucidation of epigenetic alterations in the autism brain has the potential to provide new insights into the molecular mechanisms underlying abnormal gene expression associated with this disorder. The epigenetic evaluation of EN-2 in the autism cerebellum herein indicates a persistent upregulation of this developmentally expressed homobox gene that normally undergoes perinatal downregulation to insure normal timing and onset of Purkinje cell differentiation. The results of the present investigation are consistent with the possibility that the sustained EN-2 overexpression may be due to epigenetic abnormalities in histone methylation patterns that may contribute to Purkinje cell loss in some individuals with autism. Recent studies in humans and rodent models have discovered an unexpected connection between gene promoter DNA/histone methylation and memory formation, learning and behavior. For example, epigenetic alterations in brain-derived neurotrophic factor gene expression in the hippocampus were associated with changes in brain-derived neurotrophic factor promoter methylation and memory consolidation after contextual fear conditioning or after early-life maltreatment in mouse models. 30, 31 In addition to DNA methylation changes, histone modification and chromatin remodeling have been similarly implicated in synaptic plasticity and learning behavior. [32] [33] [34] These results suggest that DNA methylation and histone modifications are dynamically regulated in brain and may contribute to deficits in attention, learning, heritable memory and altered behavioral phenotype in autism. 35 Evidence of the cerebellar contribution to autism core symptoms and behaviors has been detailed recently in two excellent reviews. 16, 17 Deficits in attention, cognitive function, affective behavior, visual-spatial organization and expressive language have been documented in multiple neuroimaging studies and reports of localized cerebellar lesions. 36, 37 Fine and gross motor impairments are common among individuals with autism and have been associated with symptom severity. 15 Interestingly, enhanced motor skills in 2-year-old children with autism was a predictor of the subsequent loss of diagnosis at 4 years of age and implicates cerebellar involvement in autism symptom severity and prognosis. 38 The increase in EN-2 gene expression and protein levels in the presence of global and promoter region DNA hypermethylation was an unexpected finding for two reasons. In a previous report, we documented genome-wide DNA hypomethylation in immune cells from children with autism relative to age-matched controls. The discordant results in brain and immune cells suggest that alterations in DNA methylation density occur in a tissue-specific manner in autism and that peripheral cell DNA methylation patterns may not be a valid surrogate for alterations in the brain. Secondly, we had expected that EN-2 promoter region hypermethylation would be associated with a decrease in gene expression as previously reported for the MeCP2 promoter in autism cerebral cortex 39 and for many cancer-related tumor suppressor genes 40 and in schizophrenia. 41 However, recent reports of gene activation despite the presence of promoter hypermethylation have emerged to underscore the complexity and multiple layers of molecular control involved in the regulation of gene expression. 42 It is possible that promoter DNA hypermethylation of the EN-2 gene in the autism cerebellum preceded the histone modifications, and was initially intended to support downregulation of EN-2 during perinatal development. However, the observed increase in EN-2 gene and protein expression would argue that transcriptional upregulation by other epigenetic mechanisms predominated over the repressive tendencies of DNA cytosine methylation. This suggestion is supported by previous reports showing either a high expression of genes, for example, hTERT, despite their promoter DNA hypermethylation, or reactivation of silenced genes, for example, SFRP1, Ecadherin, without loss of promoter DNA hypermethylation. [43] [44] [45] The increase in EN-2 gene and protein level in the autism cerebellum may be partly explained by alterations in promoter histone H3 methylation status. The significant decrease in H3K27 trimethylation (gene repression) was accompanied by a marginally significant increase in H3K4 trimethylation (gene activation) (Figure 4 ). Both of these alterations, independently or combined, have been associated with gene upregulation during early development. Consistent with our results, several recent studies have attributed expression/reactivation of DNA hypermethylated genes to the increased levels of upregulating histone marks, for example, acetyl-H3K9, methyl-H3K4 or reduced levels of repressive chromatin marks, for example, trimethyl-H3K9 and trimethyl-H3K27. [41] [42] [43] The patterns of histone H3K27 and H3K4 trimethylation are dynamically regulated during early development by specific methyltransferases and demethylases, and are thought to underlie the establishment of lineage-specific gene expression programs in the brain. For example, a recently identified H3K27 trimethylation-specific demethylase, JMJD3, has been shown to mediate the upregulation of key genes involved in neurogenesis and the commitment to the neural lineage, including homeobox genes such as EN-2.
46,47 Interestingly, JMJD3 demethylase expression was found to be acutely upregulated in endothelial cells under conditions of oxidative stress following spinal cord injury. The associated decrease in H3K27 trimethylation in the IL-6 gene promoter suggests a regulatory role for this histone modification in the induction of the neuroinflammatory response. Consistent with these observations, our group recently reported evidence of oxidative stress associated with protein and DNA damage in the identical cerebellar samples evaluated in this report. 48 Finally, the tissue-specific distribution of MeCP2 in the brain has been shown to be due to its association with chromatin regions containing trimethylated H3K27. The significant decrease in H3K27 trimethylation observed in the present study could offer an alternative mechanism for the inability of MeCP2 to bind to DNA. Mutations in MeCP2 have been associated with comorbid autism in Rett syndrome and similarly prevent MeCP2 DNA binding resulting in gene overexpression. In future studies, it will be important to determine whether the binding of MeCP2 to the EN-2 promoter is decreased and correlated with EN-2 overexpression as a converging genetic/epigenetic mechanism.
Similar to H3K27, reversible methylation and demethylation of H3K4 dynamically alters gene expression during early stages of development in mouse models. 49 In humans, a patient with autism was recently found to have a missense mutation in the JARID1C gene that codes for the H3K4 demethylase, which functions as a transcriptional repressor by removing methyl groups from trimethylated H3K4. Inactivation of this specific H3K4 demethylase gene by mutation would be consistent with sustained H3K4 trimethylation and overexpression of affected genes, including EN-2. These recent discoveries have launched the concept that histone H3 methylation/demethylation is a dynamic process that can reversibly mediate gene expression and repression in a cellspecific manner during programmed stages of cell differentiation and neuronal lineage commitment. Thus, the observed overexpression of EN-2 in the autism cerebellum may reflect a failure to downregulate EN-2 expression appropriately during perinatal cerebellar cell development. 2 Based on the findings reported here, EN-2 may now be included in the several candidate genes that have both genetic and epigenetic associations with autism including brain-derived neurotrophic factor, 50 58 and FXS. 59 In addition, five independent family-based studies have identified polymorphic variation in EN-2 as an autism susceptibility gene. 1, [60] [61] [62] [63] Whereas functional alterations due to DNA mutations would be expected to be irreversible, epigenetic factors have potential for modulation and reversibility with targeted interventions. In a major advance, a subject-specific approach was recently published on genome-wide mapping of H3K4 trimethylation in prefrontal cortex of 16 subjects with an autism spectrum disorder. 62 A complex pattern emerged with hundreds of loci showing unique subject-specific alterations in H3K4 methylation in genes regulating neuronal connections and social behaviors, often in conjunction with altered gene expression. Several recent reports of altered histone methylation at gene promoters during brain development and the essential regulatory role of histone-specific methylases and demethylases have provided new insights into potential mechanisms underlying altered gene expression in complex neurodevelopmental disease. 49, 64, 65 In summary, this is the first case-control study to evaluate the expression and epigenetics of the developmentally regulated homeobox gene EN-2 in the autism brain. The results suggest that the unexpected gene and protein overexpression in the presence of promoter DNA methylation may be partially explained by over-riding histone methylation patterns in H3K27 and H3K4. The observation of genomewide and promoter-specific DNA hypermethylation in the autism cerebellum is contrary to that previously reported in peripheral lymphocytes from children with autism, and suggests that peripheral cells may not always reflect epigenetic alterations in the brain and brain-specific gene expression in autism. Research into the contribution of epigenetic abnormalities to autism pathogenesis and pathophysiology is an emerging and challenging new field that compliments and extends the search for autism susceptibility genes.
